Abstract The effect of the addition of ethanol (10 g/l) to the liquid-phase on gas and solids holdup, circulation and mixing times and interstitial liquid velocity in a threephase airlift reactor was investigated. The airlift reactor (60 l) is of the concentric draught-tube type with an enlarged degassing zone. Ca-alginate beads were used as solid-phase and air¯ow rate (from 1.9 to 90.2 l/min) and solids loading (0±30% (v/v)) were manipulated. Riser and downcomer gas holdup were found to increase with the addition of ethanol, leading to a decrease on the relative solids holdup. The presence of ethanol seems to have no in¯uence on the circulation time. On the other hand, mixing time variation depends on the solids loading and air¯ow rate. Riser and downcomer interstitial liquid velocity are lower for ethanol solution than for water. 
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Introduction
Airlift reactors are especially useful for operations requiring solid-suspension without high shear force (e.g. fermentation and cell culture). Fermentation broths are complex mixture of cells, sugars, electrolytes, proteins, etc. and exhibit high viscosity, low surface tension and nonNewtonian characteristics [1] . However, the majority of hydrodynamic data for airlift reactors has been obtained with air/water systems, with properties different from the real conditions of operation. It is, nevertheless, known that both liquid viscosity and surface tension affect gas holdup. The small bubbles formed in liquids with reduced surface tension may enhance gas holdup. Snape et al. [2] used several salt solutions as well as sucrose solutions in concentrations typical of fermentation media and measured gas holdup and liquid velocity. They found that low sugar concentrations cause an increase in gas holdup but higher concentrations lead to a lower value. This is due to the fact that the increase of sugar concentration has several effects on the physical properties of the liquid-phase: the density and the viscosity of the solution increase but the surface tension decreases slightly. Also, the liquid velocity was in¯uenced by the sugar concentration at low air¯ow rates. It is considered that dilute aqueous alcohol solutions simulate reasonably well the liquid-phase behaviour in bioreactors [3] , the surface tension being the only physical property which differs signi®cantly from water. Aqueous solutions of ethanol represent a coalescence inhibiting system, which will affect bubble size and the overall hydrodynamics. Kennard and Janekeh [4] tested the effect of several additives on the mean bubble size, in a concentric draft tube gas-lift fermenter. They found that ethanol is the one who has the greatest effect and that the mean bubble diameter increases with surface tension by a power of 3.5. Bigger bubbles have higher velocities, what results in lower gas holdup. Wachi et al. [1] observed that ethanol and glycerol increase the gas holdup inside the draft tube, enhance the entrance of gas bubbles into the downcomer and inhibit liquid circulation, when compared with pure water. The in¯uence of alcohols on gas holdup depends on their concentration and on the length of the carbon chain. Increasing alcohol concentration, the coalescence decreases (gas holdup increases) but only up to a limiting concentration value above which further increases of the alcohol concentration have no in¯uence on gas holdup. Zahradnõ Âk et al. [5] found for ethanol a limiting concentration of 0.11 mol/l, agreeing with the transition coalescence concentration (0.14 mol/l) reported for ethanol solutions by Oolman and Blanch [6] . Kennard and Janekeh [4] found that ethanol decreases bubble diameter up to a concentration of about 2 g/l; a further increase of ethanol concentration has little consequence on bubble size. Kelkar et al. [3] and Zahradnõ Âk et al. [5] observed that the increase of alcohol chain length, in dilute aqueous solutions of aliphatic alcohols, leads to a considerable increase in the gas holdup, decreasing the transition coalescence concentration.
Since gas holdup induces liquid velocity which, in turn, affects mixing, it is expected that these parameters change with surface tension too. Although the effects of¯uid properties on gas holdup and liquid velocity have been investigated [1±3] their in¯uence on the behaviour of a three-phase system has not been fully studied.
The aim of this study is to compare the behaviour of a three-phase airlift reactor with an enlarged degassing zone when water and an aqueous solution of ethanol are used as liquid-phase. The concentration of ethanol used (10 g/l) is higher than the limiting concentration (0.11 mol/l) reported by Zahradnõ Âk et al. [5] , in order to observe the maximum deviation possible. Gas and solids holdup in the riser and in the downcomer, circulation and mixing times and riser and downcomer interstitial liquid velocity were measured for both liquid-phases, changing solids loading and air¯ow rate.
Materials and methods
The reactor
A 60 l airlift reactor of the concentric draught tube type, with an enlarged degassing zone was used ( 
Gas-liquid-solid system
Air was used as gas-phase and air¯ow rate was adjusted to 1.9, 5.5, 9.1, 13.6, 30.3, 58.8 and 90.2 l/min. The riser super®cial gas velocity (m gr ) was calculated as the ratio between the air volumetric¯ow rate and the riser crosssection area.
Water and a 10 g/l aqueous solution of ethanol were used as liquid-phase.
Ca-alginate beads were used as solid-phase and were prepared according to the procedure described by Vicente and Teixeira [7] . The mean diameter and density were 2.131 0.102 mm and 1023 1 kg/m 3 , respectively. Solids loading studied was 5%, 10%, 15%, 20% and 30% (v/v).
Solids holdup determination
Solids holdup was measured at the top of the riser and of the downcomer, by sampling the gas-liquid-solid slurry. The sampler is a 60 ml (V T ) cylinder with two valves at the top and at the bottom [8] . When it was introduced into the reactor, the valves were opened in the¯ow direction and, for sample collection, they were closed simultaneously. In each sample, solids volume (V s ) was measured. With this value, solids holdup in riser and in downcomer (e si ) was calculated:
For each set of experimental conditions, three samples were taken.
Gas holdup determination
Gas holdup was determined for the riser (e gr ) and the downcomer (e gd ) by measuring the pressure difference between the top and the bottom of both the riser and the downcomer, with a differential pressure transducer connected to a data acquisition system linked to a personal computer. In each section, the distance between the two pressure acquisition points is d 1.09 m (see Fig. 1 ). Two pressure transducers ± P3061-2WD and P3061-5WD, LCSP Shaevitz TM Pressure Sensors ± for different working ranges (0±5 and 0±13 cmH 2 O) were used. For each set of experimental conditions, different pressure differences (H 1 AH 2 ) in the riser and in the downcomer were measured three times, during 300 s each. The mean of the registered values was used for the calculation of gas holdup, for each section (i) of the reactor, by the equation: 
Liquid phase characterisation
Liquid phase circulation and mixing times and liquid velocity were determined by the pH pulse technique. Four pH sensors were placed in the top and in the bottom of the riser and of the downcomer, 0.136 m and 1.226 m above the bottom of the reactor, respectively (see Fig. 1 ). The signals of all pH sensors were transmitted to a computer by a data acquisition system (PCL-812PG Enhanced MultiLab Card, Advantech Co, Ltd). For each set of experimental conditions, the pH was ®rst increased to a value around 10 by adding, at the top of the reactor, a sodium hydroxide solution (10 mol/dm 3 ). After stabilisation of the pH value, a pulse of 2.5 ml sulphuric acid (4.5 mol/dm 3 ) was injected into the downcomer, 0.236 m above the bottom of the reactor, at time zero. The data acquisition was stopped once a constant pH value was achieved. Three replicates were made for each set of experimental conditions and, at the end of each experiment, the reactor was emptied and the alginate beads were washed in order to minimise their turgescence caused by extreme pH conditions.
Mixing and circulation times
Mixing time (t m ) was determined as the time required for the variation of the pH value to be within 5% of the ®nal equilibrium value.
The circulation time (t c ) was computed by averaging the time spans between maximum consecutive pH peaks in the pH response curve. Fig. 2 . Riser and downcomer gas holdup for aqueous solution of ethanol and for water versus the riser super®cial gas velocity, for all the solids loading studied (r ± Riser/Ethanol; e ± Riser/ Water; d ± Downcomer/Ethanol; s ± Downcomer/Water) Mixing and circulation times were obtained independently for each of the four electrodes. Their ®nal values, for each set of experimental conditions, are the average between the values registered by the four electrodes in the three replicates made.
Interstitial liquid velocity
The downcomer liquid velocity (u ld ) was calculated directly from the peaks of the signals obtained by the two electrodes located in the downcomer, by knowing the time (Dt) required by the tracer to travel from one to the other (distance d of 1.09 m):
As turbulence and backmixing were more intense in the riser than in the downcomer, the interstitial liquid velocity in the riser (u lr ) was calculated:
Results and discussion
The in¯uence of the liquid-phase properties on riser and downcomer gas holdup, for all riser super®cial gas velocities and solids loading, is presented in Fig. 2 . The addition of ethanol increases both riser and downcomer gas holdup, for all solids loading and air¯ow rates, with the exception of low air¯ow rates. For these, air does not enter the downcomer and the downcomer gas holdup is zero, meaning that rising bubbles velocity is higher than the descending liquid velocity. Ethanol is known to reduce the mean bubble size by inhibiting bubble coalescence [1] , since the surface tension decreases. This, in turn, enhances the entrance of gas bubbles into the downcomer, due to the reduced gas-liquid slip velocity of the smaller gas bubbles. The importance of the reduction in surface tension in the increase of gas holdup shown is consistent with the results presented by Wachi et al. [1] and by Snape et al. [2] . Hikita et al. [9] showed that the gas holdup in a bubble column was proportional to the liquid-phase surface tension to the power of A2/3. It is also evident from Fig. 2 that the in¯uence of ethanol is bigger for high air¯ow rates. In these conditions, collision between air bubbles is more intense and bubbles coalescence becomes increasingly signi®cant, the surface tension being a major in¯uence on this process. At low air¯ow rates, the liquid-phase surface tension has little effect on gas holdup. The amount of air into the reactor is small and the coalescence is not signi®cant. So, the inhibition of coalescence by ethanol is not high enough to be relevant.
The result of the addition of ethanol on the riser and downcomer solids holdup, for different solids loading, is shown in Figs. 3 and 4 . The in¯uence of the air¯ow rate and of solids loading is similar for both liquid-phases. Nevertheless, solids holdup in the riser and in the downcomer is higher for water than for the aqueous solution of ethanol, resulting from the increase of the gas holdup in those sections of the reactor with the addition of ethanol (see Fig. 2) .
The values of the circulation time measured for the aqueous solution of ethanol are similar to those found for water (Fig. 5) . This happens because, as can be seen in Figs. 2, 3 and 4 , the variations of gas and solids holdup in the riser with the addition of ethanol are of the same magnitude of the ones occurring in the downcomer. Thus, the difference between riser and downcomer¯uid densities, which is in fact the driving force for liquid circulation, is not very affected, meaning that the circulation driving force is almost constant. This is the opposite of the results reported by Wachi et al. [1] who observed a decrease in liquid circulation rate for solutions of ethanol compared to water. However, these results were observed working with a two-phase system in a draft-tube bubble column without a degassing zone. Figure 6 reports the in¯uence of the addition of ethanol on the riser and downcomer interstitial liquid velocity. The interstitial liquid velocity is higher for water than for ethanol aqueous solution, especially in the riser. In spite of the increase of gas holdup, the lower riser and downcomer solids holdup observed for ethanol (Figs. 3 and 4) results in an increment of spaces through which liquid Observing Fig. 7 , it can be seen that mixing time increases, in general, in the presence of ethanol. However, for high solids loading and, at the same time, low air¯ow rates, the opposite occurs that is, mixing time in water is higher than in ethanol solution. From the relation between mixing time and the riser super®cial gas velocity (t m am b gr ), while the b value obtained for water presents similar values for all solids loading, for the aqueous solution of ethanol it decreases with the increase of solids loading. This shows the different way how solids loading acts on mixing when coalescence is inhibited. The overall mixing time is the result of the mixing observed in the several sections of the reactor. It is in the degassing zone above the draught tube that the most intense mixing occurs due to the ring vortices formed. However, since circulation time is almost the same for ethanol solution and for water (see Fig. 5 ), the same contribution of the degassing zone for the overall mixing is expected for both liquid-phases. So, mixing in the riser and in downcomer will probably be responsible for the differences observed. As the riser and downcomer cross-sectional areas are small, the amount of solids plays an important role on that. Usually, the higher the solids holdup in the riser and in the downcomer (with water, as can be seen in Fig. 3 and 4 ) the higher the turbulence what, associated to the higher bubble coalescence, improves mixing. That is why mixing time for water is, in general, lower. But, for high solids loading and low air¯ow rates, riser and downcomer solids holdup are specially high for water. Since there are few spaces for liquid to contact, mixing is more dif®cult and mixing time is higher. In this case, inhibition of coalescence may have the opposite effect to the one above described.
Conclusions
The gas and solids holdup in the riser and in the downcomer, the circulation and mixing times and the riser and downcomer interstitial liquid velocity were measured for water and for an aqueous solution of ethanol of 10 g/l, for various solids loading and air¯ow rates.
It can be concluded that the reduction in surface tension with the addition of ethanol has a great in¯uence on the hydrodynamics of the airlift reactor. The primary consequence of the reduction in surface tension is the increase of riser gas holdup and the augment of the entrance of gas into the downcomer. Deriving from the increase of the riser and downcomer gas holdup a decrease of solids holdup in these sections is observed. However, the difference between gas and solids holdup in the riser and in the downcomer remains practically constant when ethanol is added. Consequently, due to the maintenance of the driving force for the circulation, the circulation time for the ethanol solution is similar to the one observed for water. The lower riser and downcomer solids holdup observed for ethanol causes a decrease of the riser and downcomer interstitial liquid velocity. With the exception Fig. 6 . Riser and downcomer interstitial liquid velocity for aqueous solution of ethanol and for water versus the riser super®cial gas velocity, for all the solids loading studied (r ± Riser/ Ethanol; e ± Riser/Water; d ± Downcomer/Ethanol; s ± Downcomer/Water) of the high solids loading and the low air¯ow rates, the presence of ethanol in the liquid-phase increases the mixing time in the three-phase system. 
